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a b s t r a c t
Ferromagnetic Resonance study of sputtered Ru(7 nm)/NiFe(tFM)/IrMn(6 nm)/Ru(5 nm) exchange-biased
bilayers at X and Q-band microwave frequencies reveals the excitation of spin-wave and NiFe resonance
modes. Angular variations of the in-plane resonance ﬁelds of spin-wave and NiFe resonance modes show
the effect of the unidirectional anisotropy, which is about twice larger for the spin-wave mode due to
spin pinning at the NiFe/IrMn interface. At Q-band frequency the angular variations of in-plane
resonance ﬁelds also reveal the symmetry of a uniaxial anisotropy. A modiﬁed theoretical model which
also includes the contribution of a rotatable anisotropy provides a good description of the experimental
results.
& 2014 Elsevier B.V. All rights reserved.
1. Introduction
Among the several kinds of magnetic structures nowadays
produced, nanostructures with exchange bias [1] are the most
interesting and researched ones, mainly due to the technological
applications in magnetic recording as spin valves systems [2] and the
magnetism at the nanoscale, which give rise to remarkable phenom-
ena observed at the macroscopic scale. The most common exchange
biased systems include the ferromagnetic/antiferromagnetic (FM/AF)
bilayers and a good understanding of this kind of structures is
fundamental for more complex heterostructures and potential tech-
nological applications. Ferromagnetic resonance (FMR) is a highly
sensitive technique which can contribute to this understanding,
usually used to probe the presence of in-plane uniaxial and unidir-
ectional anisotropies in magnetic ﬁlms [3–5]. Furthermore, the
excitation of spin-wave resonance modes in magnetic thin ﬁlms
was predicted by Kittel [6] in 1958 and, soon after, observed by
Seavey and Tannenwald in thick NiFe ﬁlms using the FMR technique
[7]. Since then, FMR has been used to study spin-wave excitations in
a large variety of magnetic ﬁlms, including multilayers [8–10]. In
most of the experiments, however, spin-wave excitation was not
observed with the static magnetic ﬁeld parallel to the ﬁlm plane
(parallel FMR). The observation of parallel spin-wave excitation in
exchange-biased structures, for instance, was reported only by
Speriosu et al. for sputtered FeMn/NiFe/FeMn structures analyzed
by FMR at a microwave frequency of 34 GHz [11], and by Magaraggia
et al., for sputtered Ni80Fe20/Ir25Mn75 structures also analyzed by
FMR, but at a frequency of 7 GHz [12]. In this work, we report on the
study of uniaxial and unidirectional magnetic anisotropies by the
analysis of parallel spin-wave excitations in exchange-biased NiFe/
IrMn bilayers using the conventional FMR technique at X-band
(9.6 GHz) and Q-band (34.1 GHz) microwave frequencies.
2. Experimental details
Samples were deposited at room temperature onto single
crystalline Si(1 1 1) substrates using a magnetron sputtering
system. A static magnetic ﬁeld of approximately 400 Oe was
applied along the plane of the substrate to induce the unidirec-
tional anisotropy axis. The ﬁlms were deposited from high purity
Ru, Ni81Fe19, and Ir80Mn20 targets, at a pressure of a 3 mTorr Argon
atmosphere; the base pressure inside the chamber before deposi-
tion was less than 5 108 Torr. The structure of the samples is
denoted as Si/Ru(7 nm)/NiFe(tFM)/IrMn(6 nm)/Ru(5 nm), with
NiFe layer thickness tFM¼55, 60, 65 and 120 nm; to simplify the
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notation, they are referred to as samples A, B, C and D, respectively.
The Ru buffer layer was grown to promote the (1 1 1) texture of
IrMn and the top Ru layer, to prevent oxidation. Deposition rates
were estimated from x-ray reﬂectivity measurements performed
in thick calibration ﬁlms of each material, grown under the same
conditions summarized above.
The FMR experiments were done at room temperature, using a
high sensitivity electron magnetic resonance spectrometer (Bruker
ESP-300) with rotating base magnet, operating with X-band and Q-
band microwave frequencies, swept static magnetic ﬁeld, and con-
ventional modulation and phase sensitive detection techniques. The
in-plane resonance ﬁelds were measured as a function of the ﬁeld
angle ϕH with respect to the unidirectional anisotropy axis. The static
magnetic ﬁeld was measured by a Hall probe with the precision of
0.1 Oe; the ﬁeld angle was measured with the precision of 70.11. The
FMR spectra were detected using a ﬁeld scan of 1400 Oe with a
resolution of 1024 points, implying the uncertainty of less than
71.5 Oe for the (spectrum) measurements of resonance ﬁelds and
linewidths.
The samples were submitted to x-ray diffraction (XRD) analysis
with a conventional θ2θ diffractometer, using the Kα radiation
of Cu. XRD conﬁrms that the IrMn and NiFe layers have (1 1 1)-
oriented texture, not shown here. X-ray reﬂectivity measurements
were performed to estimate the deposition rates, also revealing
layers with ﬂat surfaces.
3. Results and discussion
The FMR measurements exhibit two well resolved absorption
modes excited by the microwave ﬁeld: the main mode and a lower
resonance ﬁeld mode. Parallel FMR spectra of samples B and C are
displayed in Fig. 1. As discussed below, the low ﬁeld mode is
associated with the second order spin wave excitation; the high
ﬁeld mode corresponds to the ﬁrst order spin wave, in this
case, the resonance mode of the NiFe layer. The spectra are the
derivatives of the microwave absorption power with respect to
the external applied static magnetic ﬁeld. In samples B and C the
two resonance modes were excited at both X and Q-band micro-
wave frequencies. However, the second order spin wave mode
was excited only at Q-band in sample A and only at X-band in
sample D.
The angular variations of the in-plane resonance ﬁelds for
sample C is shown in Fig. 2, where H1res and H
2
res correspond to
the main (NiFe) mode and to the second order spin wave mode,
respectively. The measurements performed at X-band reveal a
large effect of the unidirectional anisotropy due to the FM–AF
interaction, and also of a small contribution of a uniaxial aniso-
tropy. At Q-band, however, the effect of the uniaxial magnetic
anisotropy shows to be larger than that observed at X-band. The
effects of unidirectional and uniaxial anisotropies on the angular
variations of the in-plane resonance ﬁelds are also observed for
samples A (at Q-band) and D (at X-band). Fig. 3 displays the
corresponding in-plane angular variations of resonance ﬁelds.
The results obtained for the four samples reveal that for the spin-
wave mode, the angular variation of the resonance ﬁeld between 01
and 1801 is about twice larger than the same angular variation for the
main mode. This behavior suggests the presence of an additional
unidirectional anisotropy ﬁeld at the NiFe/IrMn interface. Further-
more, for samples B and C, the larger effect of the uniaxial anisotropy
revealed by the measurements at Q-band microwave frequency
would imply a ﬁeld dependent magnetic anisotropy.
Fig. 1. Parallel FMR spectra with the in-plane magnetic ﬁeld aligned with the unidirectional anisotropy axis ðϕH ¼ 0Þ. Spin-wave and NiFe resonance modes of sample B at (a)
Q-band and (b) X-band microwave frequencies. Spin-wave and NiFe resonance modes of sample C at (c) Q-band and (d) X-band microwave frequencies.
M.A. de Sousa et al. / Physica B 450 (2014) 167–172168
Fig. 2. Angular variations of the in-plane resonance ﬁelds of sample C, for the (a) NiFe and (b) spin-wave resonance modes at X-band microwave frequency, and for the
(c) NiFe and (d) spin-wave resonance modes at Q-band microwave frequency. Points are the experimental data and lines are ﬁts obtained using Eqs. (6)–(8).
Fig. 3. Angular variations of the in-plane resonance ﬁelds of sample A, for the (a) NiFe and (b) spin-wave resonance modes at X-band microwave frequency, and of sample D,
for the (c) NiFe and (d) spin-wave resonance modes at Q-band microwave frequency. Points are the experimental data and lines are ﬁts obtained using Eqs. (6)–(8).
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To interpret the experimental data, we consider a phenomen-
ological model for a coupled FM/AF system with magnetization
vectors denoted by M
!
FM and M
!
AF , and thicknesses tFM and tAF ,
respectively. The magnetic free energy of the system per unit area
can be written as [13–15]:
E¼
"
2πðM!FM U n^Þ2 H
!
UM
!
FMKFM
M
!
FM U u^
MFM
 !2
KRA
M
!
FM U h^
MFM
 !2#
tFM
sW
M
!
AF U u^AF
MAF
 !
 JE
M
!
FM UM
!
AF
MFMMAF
þEK ðθFM ;ϕFMÞ ð1Þ
here M
!
AF indeed represents the magnetization of one of the AF
sublattices in contact with the FM layer [14]. Inside the square
brackets, the ﬁrst term is the demagnetizing energy, the second is
due the interaction between the applied magnetic ﬁeld and the
magnetization M
!
FM , the third is the uniaxial in-plane magnetic
anisotropy energy, and the fourth is due to a rotatable anisotropy.
For these last two terms, the respective anisotropy constants are
represented by KFM and KRA (erg/cm
3). Out-side the square
brackets, the ﬁrst term describes the energy due to the planar
domain wall at the AF layer, where sW (erg/cm2) is the energy per
unit surface of a 901 domain wall in the AF layer, the second term
represents the exchange bias energy, which depends on the
interfacial exchange coupling constant JE (erg/cm
2). The units
vectors u^ and u^AF represent the uniaxial anisotropy direction
(along the x axis); n^ and h^ represent the normal to the plane of
the ﬁlm and applied ﬁeld directions, respectively.
The above considerations are in the framework of a model that
assumes an inﬁnitely thick AF layer and a FM layer with thickness
tFM much smaller than the thickness of a domain wall in the FM
layer. It is clearly seen that our samples have large tFM , but Eq. (5)
must be taken for the magnetic state of the FM layer attaining
saturation.
The last term in Eq. (1) represents the contribution of an
additional effective unidirectional anisotropy with the easy axis
parallel to the plane of the ﬁlm. The effect of this additional
anisotropy may be considered as an equivalent exchange bias ﬁeld
[11] for the second spin wave mode. The FMR results revealed
clearly that there is an additional anisotropy ﬁeld acting on the
pinned [16] spins responsible for the second order spin wave
mode. The origin of this anisotropy is not only due to a Néel
surface anisotropy at the FM/AF interface [17]; contributions from
other local interactions are also possible [18], e.g., the effects of the
exchange bias ﬁeld on the pinned spins at the FM/AF interface.
For simplicity, we assume the case of a unidirectional aniso-
tropy with anisotropy constant KK (erg/cm3) and anisotropy axis
parallel to u^. The last term in Eq. (1) is given therefore by the
following phenomenological expression:
EK ðθFM ;ϕFMÞ ¼ tFM
KK
MFM
 
M
!
FM U u^
 
: ð2Þ
It is worth to note that EK does not coincide with the pure surface
free energy; it should also account for the effects of an enhance-
ment of the exchange energy and exchange bias for the second
order spin wave mode. There is a very good agreement between
the simulations and the experimental results for both excited
resonance modes, for both microwave frequencies results, indicat-
ing that the magnetic behavior of the NiFe/IrMn systems can be
interpreted using the presented model.
The magnetization dynamics of the FM layer in the presence of
an external magnetic ﬁeld can be calculated from the Landau–
Lifshitz equation of motion:
1
γFM
∂M
!
FM
∂t
¼ τ!FMþM
!
FM  H
!
ex; ð3Þ
where γFM is the gyromagnetic ratio, τ
!
FM represents the torque
due to the effective ﬁeld Hef (internal and external applied ﬁelds
on the sample), and the second term is the torque due to effect of
the exchange bias ﬁeld, H
!
ex. The equation for the AF layer is given
by replacing the FM subscript by AF in Eq. (3).
In the following, assuming the equilibrium positions of M
!
FM
and M
!
AF given by polar (θFM and θAF ) and azimuthal (ϕFM and ϕAF )
angles which imply a minimum value of the free energy of the
system, following Smit and Beljers [13,19] and the method devel-
oped by Schmool and Barandiarán [20], the dispersion relation
can be calculated as the roots of the determinant given by the
4 4 matrix:
ðiΩFMRFMÞ ðPFMþtFMDFMk2FMÞ RAF ;FM PAF ;FM
ðQFMþtFMDFMk2FMÞ ðiΩFMþRFMÞ QAF ;FM UAF;FM
RFM;AF PFM;AF ðiΩAFRAF Þ ðPAFþtAFDAFk2AF Þ
QFM;AF UFM;AF ðQAFþtAFDAFk2AF Þ ðiΩBþRBÞ
2
666664
3
777775;
ð4Þ
where the explicitly forms of the elements are Di ¼ 2Ai=Mi,
Ωi ¼ ωti=γi, Pi ¼ Eϕiϕi=Mi sin
2θi, Qi ¼ Eθiθi=Mi, Ri ¼ Eθiϕi=Mi sin θi,
Pij ¼ Eϕiϕj=Mi sin θi sin θj, Qij ¼ Eθiθj=Mi, Rij ¼ Eθiϕj=Mi sin θi, and
Uij ¼ 1=Mi sin θi Eθjϕi . Note that with the exception of the DFM ,
DAF , ΩFM and ΩAF elements, all the others elements depend on Eij,
which denotes the second derivatives of the energy given by
Eq. (1) with respect to the equilibrium angles θ and ϕ, for the M
!
FM
and M
!
AF magnetizations.
Here, we assign n¼1 to the main NiFe resonance mode and
n¼2 to the second order spin wave resonance mode, because the
n¼0 uniform NiFe resonance mode can only be excited in the case
of uniform magnetization and no surface pinning [21]. To simplify
the analysis of the experimental data, we also omit the subscripts
AF and FM of the wave vector kAF (or kFM), making kFM ¼ k and
kAF ¼ 0, and therefore considering that the excited spin wave mode
does not propagate across the AF layer.
To ﬁt the FMR results presented above, we consider, ﬁnally, that
the static magnetic ﬁeld was applied parallel to the ﬁlm plane and
its azimuthal angle ϕH varied from 0 and 2π, and also that
γAF ¼ γFM ¼ γ, and θH ¼ θAF ¼ θFM ¼ π=2 (see Fig. 4). The dispersion
relation, obtained from the determinant of Eq. (4), can be written
therefore as
ω2
γ2
¼ ½H cos ðϕHϕFMÞþHU cos 2ϕFMþHRA cos 2ðϕHϕFMÞ
þHP cos ϕFMþ4πMFMþHef1 þDFMk
2
FM   ½H cos ðϕHϕFMÞ
þHU cos 2ϕFMþHRA cos 2ðϕHϕFMÞ
þHP cos ϕFMþHef2 þDFMk
2
FM; ð5Þ
where
Hef f1 ¼
HW cos ϕAF cos ðϕFMϕAF ÞHE sin 2ðϕFMϕAF Þ
ðHW=HEÞ cos ϕAFþ cos ðϕFMϕAF Þ
; ð6Þ
and
Hef f2 ¼
HW cos ϕAF cos ðϕFMϕAF Þ
ðHW=HEÞ cos ϕAFþ cos ðϕFMϕAF Þ
: ð7Þ
Here ω is the microwave angular frequency, HP ¼ KK=MFM is the
surface anisotropy ﬁeld due to the pinning of NiFe spins at the
NiFe/IrMn interface, HU ¼ 2KFM=MFM is the uniaxial anisotropy
ﬁeld of the FM layer, HE ¼ JE=tFMMFM is the exchange coupling
ﬁeld, HW ¼sW=tFMMFM is the domain wall effective ﬁeld [13,22],
and DFM ¼ 2A=MFM , where A is the exchange constant. It is worth
to note that making HP ¼ 0 and in the limit kn ¼ 0, Eq. (5) will be
reduced to the expression obtained by Geshev et al. [13] for the
dispersion relation and in-plane angular variation of Hnres.
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The in-plane angular variations of the resonance ﬁelds of NiFe
and spin wave resonance modes can be ﬁtted by the solid lines in
Figs. 2 and 3 given by [13,20]
Hnres ¼
"
HUð13 cos 2ϕFMÞ4πMFMHef f1 Hef f2 2HP cos ϕFM2DFMk
2
n:
þ
ﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃ
ðHU sin 2ϕFMþ4πMFMþHef f1 Hef f2 Þ2þ4
ω2
γ2
s #
=2 cos ϕFMϕH
 
:
ð8Þ
The ﬁttings were done using a minimization procedure similar
to those used in Refs. [13] and [22]. Furthermore, in the ﬁttings it
was assumed that ϕAF ¼ 0. This implies that the system follows the
model of an AF rigid magnetization, which is a particular case of
the domain wall model [16]. We also adopt the rotatable aniso-
tropy ﬁeld HRA¼2KRA/MFM as an additional parameter [16]. HRA is a
rotating ﬁeld roughly parallel to the equilibrium direction of
M
!
FM and is accountable for the frequently observed resonance-
ﬁeld shift [4]. The parameters used in the simulations were:
HW¼1000 Oe (X-band) and HW¼1500 Oe (Q-band); the NiFe
saturation magnetization MFM ¼ 780 emu/cm3; the estimated
values of ω=γ¼3372 Oe (X-band) and ω=γ¼12146 Oe, (Q-band);
the exchange constant A was assumed of about 3:9 107 erg/cm
(known values vary from 3:7 107to 4:2 107 erg/cm) [23,24],
and the wave vector k was estimated to vary between 3.7 and
8.1105 cm1; other parameters used in the simulations are listed
in Table 1.
For both microwave frequencies, the ﬁts of the curves for
resonance ﬁeld vs. in-plane angle imply HP ¼ 0 for the NiFe
resonance mode and HP values very close to HE for the spin wave
resonance mode. Therefore, the observed in-plane angular varia-
tion of the resonance ﬁelds for the spin wave resonance mode,
which is about twice larger than that for the NiFe resonance mode,
can be attributed to the unidirectional surface anisotropy ﬁeld HP ,
which is raised by the interfacial pinning. The value of HE for the
NiFe resonance mode (at X- and Q-band frequencies) is dependent
on the thickness of the FM layer, i.e., HEp1=tFM , when tFM
increases [25]. However, HE for the spin wave resonance mode
has a non-monotonic dependence on tFM . We can interpret this
behavior by considering that the NiFe and spin wave resonance
modes are affected differently by the interfacial ﬁelds due to
exchange bias and pinning, because the exchange energy is larger
for the spin wave resonance mode.
For both NiFe and spin wave resonance modes, at X and Q-band
microwave frequencies, the anisotropy ﬁelds HRA and HU also have
a non-monotonic dependence on tFM . However, the HRA and HU
values obtained from the experimental measurements at Q-band
frequency are higher than those obtained at X-band, which points
out to a ﬁeld dependent magnetic anisotropy. Similar results were
observed for the angular variation of the in-plane resonance ﬁelds
of a NiFe/NiO ﬁlm [26], and the shape of the Hres vs. in-plane angle
curve was attributed to a dependence on the frequency (and then
ﬁeld) due to the stability of the AF order at the FM/AF interface,
where the coexistence of stable and unstable AF grains is present.
We also believe that the results reported here are related to these
effects. Nevertheless, it is worth to note that for two samples the
values of HRA are negatives, as was reported recently by Nicolodi
et al. [27] Thus, the interfacial pinning can affect the whole
magnetic structure in the FM/AF interface in exchange-coupled
bilayers exhibiting the excitation of a spin wave resonance modes.
4. Conclusions
In conclusion, parallel FMR experiments of exchange-biased
NiFe/IrMn bilayers reveal the excitation of spin-wave resonance
modes. Angular variations of in-plane resonance ﬁelds allow the
measurement of uniaxial, unidirectional and rotatable anisotropy
ﬁelds, and are interpreted in terms of Zeeman, uniaxial, unidirec-
tional, rotatable, domain wall, and pinning contributions for the
free energy of the system. For the spin-wave resonance mode, the
unidirectional anisotropy ﬁeld is about twice larger than that
Fig. 4. The coordinate system used in the FMR measurements. The static magnetic
ﬁeld Hð Þ lies in the x–y plane.
Table 1.
Anisotropy ﬁelds of spin wave and NiFe resonance modes of NiFe/IrMn bilayers deduced from the angular variations of in-plane resonance ﬁelds, using the parameters
described in the text.
X-band Q-band
Spin wave mode
tFM(nm) 55 60 65 120 55 60 65 120
HU (Oe) – 872 772 1072 2373 2272 4075 –
HP(Oe) – 2473 2074 1073 2572 2573 2572 –
HE(Oe) – 2574 2573 1873 2972 3074 2772 –
HRA(Oe) – 18275 15875 0 21375 31675 31175 –
NiFe mode
tFM(nm) 55 60 65 120 55 60 65 120
HU (Oe) 772 773 572 772 172 1173 6274 772
HP(Oe) 0 0 0 0 0 0 0 0
HE(Oe) 2473 2372 2174 1272 2973 2873 2174 2472
HRA(Oe) 2275 16075 13275 1475 26375 34675 33075 64675
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for the main NiFe mode, due to spin pinning at the NiFe/IrMn
interface.
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